The best-understood of the impacts of climate change on human health can already be estimated statistically, in some cases even documented, where significant change has occurred ([@CIT0001]). Future impacts of projected climates on many such health outcomes can be modelled, using information from empirical studies of the relationship of variations in climate conditions to specific health outcomes ([@CIT0002]). A variety of direct, indirect, and systemically mediated health effects have been identified ([@CIT0003]--[@CIT0005]). The improved quantitative evidence of climate-health linkages is the basis for improved modelling methods and projections of the health and well-being impacts that on-going climate change will bring. An important aspect of these impacts is the economic costs involved. A recent analysis in the Climate Vulnerability Monitor 2012 ([@CIT0006]), which looked in detail at the costs of different climate change impacts on the environment, and on human health and well-being, reported annual costs at the level of trillions of US\$ by 2030. As the models and underlying data improve, such estimates will become more accurate.

Much of the research and analysis on the health impacts of climate change focuses on the actual impacts of change that is currently under way. If temperatures rise in mountainous areas and malaria cases start occurring at higher altitudes, this may be a sign of climate change impacts on health, but other factors need to be taken into account ([@CIT0007]). When records show that extreme weather events have increased in frequency and intensity ([@CIT0008]), the estimated additional health impact could also be considered a measure of climate change impact.

Based on studies of the actual health risks associated with differing climate conditions, epidemiological and health impact assessment methods can then be used to estimate the impacts of on-going and future climate change on these health risks. These can be direct, indirect, and systemically mediated ([@CIT0005]) or with other terms, primary, secondary, and tertiary ([@CIT0009]). The most obvious example is the impact of extreme heat on human physiology and clinical health ([@CIT0010]). This area has been studied for more than a century, and quantitative relationships between heat and health risks exist, but will need confirmation in different settings ([@CIT0010]).

The evidence base {#S0001}
=================

On-going and future climate change {#S20002}
----------------------------------

Detailed regional analysis of on-going trends of climate conditions and their modelled future trends shows clearly the observed and anticipated increases in temperatures in most parts of the world as shown in [Fig. 1](#F0001){ref-type="fig"} ([@CIT0011]). In some places, the coldest months are actually getting cooler creating more extreme seasonal differences and difficulties when interpreting human climate exposure issues from annual averages. Extreme recent winters in parts of the Northern hemisphere may be a sign of the changing climate. While temperature is a central concern, climate change entails shifts in temporal and spatial patterns of precipitation -- less easy to model than temperature -- and in winds, ocean currents, and overall short-term variability. All of these, acting separately or together, have great implications for human health and survival, affecting different regions in different ways.

![Current and projected temperature changes globally ([@CIT0011]). The top maps show the estimated climate change for a 2°C global average change; the middle figure for a 3°C change and the bottom figure for a 4°C change. The new unpublished maps for RCP8.5 are very similar to the bottom maps. Baseline=1961--1990.](GHA-6-20816-g001){#F0001}

The latest climate modelling outputs, using Representative Concentration Pathways (RCP) ([@CIT0012]) greenhouse gas trajectories as inputs, indicate that by the year 2100 the global average temperature may have gained 3--4°C (highest likely estimate 6°C) unless fundamental reductions in the global trends for greenhouse gas emissions are achieved (IPCC report, 2013, forthcoming). The new maps and trends using RCP-based models do not differ substantially from the estimates derived from using previous models ([@CIT0013]). Our article does not focus on such modelling, but it can be said with confidence that a thriving global civilization in a plus-6-degree world is inconceivable.

These estimated changes in climate of 3--4°C and above will shift rainfall patterns so that certain areas become drier and other areas become wetter ([@CIT0011]). The frequency of extreme weather events (storms, hurricanes, rain-related floods, droughts, etc) is expected to increase as the climate system acquires more energy from higher average air temperatures and the latent heat of increased water vapour ([@CIT0014]). Exposure to heat extremes will also change markedly.

Extremes of temperature have relatively direct and understandable impacts on human biology and health, and temperature increases in tropical areas (within 23 degrees of the Equator) and sub-tropical areas (up to 40 degrees from the Equator) are of particular concern. Strong and extreme heat stress outdoors at noon occurred for 3--8 months of each year in the 1970s ([@CIT0015]), and such periods, currently increasing, will extend by at least one more month by the 2050s ([@CIT0015]). A rapid rate of change contributes to the health risks.

Individuals living and working in rapidly growing urban areas around the world will be at particular risk due to the well-established urban heat-island effect ([@CIT0016]). Warmer temperatures in colder temperate and arctic areas may reduce risks due to cold exposure ([@CIT0010]). However, from a global viewpoint, the very much greater population numbers in hot areas, and the rapid urbanization in those areas, makes them vulnerable to heat-related climate change health impacts.

Impact of climate conditions on human health and well-being {#S0003}
===========================================================

Climate change acts at many levels and with differing relative influence in its impacts on health outcomes. In general, it plays a multiplier role, typically amplifying or extending a population\'s pre-existing health risks or problems.

The observational evidence of the human health impacts of variations in climate conditions is now very substantial, particularly in relation to heat and cold exposure ([@CIT0010], [@CIT0017]). The health impacts of heat have been a concern since the 19th century -- particularly among European colonial staff, military personnel, and other working people ([@CIT0018]) -- and mechanistic physiological research has elucidated the ill effects of excess heat ([@CIT0017]). Thermal physiology, environmental ergonomics, biometeorology, and other scientific disciplines continue to accumulate evidence of heat and cold impacts on human health and work productivity. Excessive daily heat exposures causes heat stroke, which may lead to deaths ([@CIT0019]), heat exhaustion that reduces work productivity ([@CIT0020], [@CIT0021]), and heat stress that interferes with daily household activities ([@CIT0010], [@CIT0022]).

Other extreme weather events including storms, floods, and droughts create direct injury risks and follow-on outbreaks of infectious diseases, lack of nutrition, and mental stress ([@CIT0008], [@CIT0023]). Any heat, cold, or weather-related reduction of capacity to carry out daily activities should be considered a 'health effect', given WHO\'s standing definition of health ('Health is a state of complete physical, mental and social well-being and not merely the absence of disease or infirmity'). Further, if actions taken to prevent adverse effects of extreme weather conditions inadvertently impair health or well-being, that too should be considered a climate-related 'health impact'.

The indirect effects of changes in climatic conditions are many and diverse. Changes in access to clean drinking water, particularly in conditions of crowding and poverty, can cause diarrhoeal diseases and other water-related diseases, including cholera ([@CIT0002]). Other major examples include malnutrition and under-nutrition and impaired childhood development due to declines in local agriculture ([@CIT0024]), altered ranges and rates of various vector-borne diseases and other infectious diseases ([@CIT0025]--[@CIT0027]), and mental health disorders and conflict-prone tensions caused by forced migration from affected homes and workplaces ([@CIT0028]). Of course, a variety of other factors influence these health problems and may have much greater impact than climate change. Examples of systemic impacts include food crises (sometimes causing famine), conflicts/wars over access to water, and large-scale adverse economic effects due to reduced human and environmental productivity ([@CIT0005], [@CIT0009]). [Figure 2](#F0002){ref-type="fig"} summarises the relationships between driving forces for local climate change, pressures on the environment, changes in the environment, human exposures to hazards, and the health impacts using the DPSEEA framework developed at WHO ([@CIT0029]).

![DPSEEA framework for climate change and Global Public Health.](GHA-6-20816-g002){#F0002}

As highlighted in [Fig. 2](#F0002){ref-type="fig"}, the local climate conditions where people live and work create most of the direct human health hazards, such as those due to the urban heat-island effect (especially in a rapidly urbanizing world) ([@CIT0016]), while the more indirect health effects are often associated with global or large-scale regional climate change. Changes in water access may relate to climate-environmental conditions far from the affected people, and sea-level rise is a global phenomenon. Changes in climate may create positive impacts in cold temperate areas ([@CIT0010]). However, one detailed analysis ([@CIT0030]) concluded that no overall reduction of winter mortality is likely in USA and Europe (differences occur within these regions). Improved agricultural productivity is another potential beneficial impact in these temperate areas ([@CIT0004]), although this may contribute to increased inequity between high- and low-income countries.

Climate conditions have an important role to play in all of the health issues described in [Fig. 2](#F0002){ref-type="fig"}. However, the impacts of changes in climate on population health and well-being in many parts of the world, particularly tropical countries, have not yet been well established. A partial attempt to quantify the impacts attributable to the extent of climate change that had occurred by 2000 entailed an analysis of mortality for five key areas of health impacts ([@CIT0001]). Somewhere in the order of 150,000 deaths could be assigned as climate change impacts on malnutrition, diarrhoea, malaria, floods, and cardiovascular diseases (heat stroke deaths) as early as 2000. However, a number of potential climate change impacts on health were not included. That deficit is now being addressed.

A second-generation project initiated by WHO in 2009 (coordinated by S. Kovats and S. Hales) is still developing an updated analysis of these impacts and their projected future levels, including a more comprehensive list of health effects (see [Box 1](#Bx0001){ref-type="boxed-text"}). The project aims to incorporate future social and economic trends into the analysis, which creates additional complexity in the analysis. Some publications on specific impacts are available (e.g. 27, 31), but the overall impact analysis requires further work. A valid comparison of the global, regional, and national disease-specific impact estimates can therefore not yet be made.

###### Box 1. The WHO project on 'burden of disease' due to climate change

This list includes health risks and specific disease topics included. Each topic is using the same future estimates of climate and population change. Modelling of health impacts is specific for each topic.MalariaDengueSchistosomiasisCoastal floodingBurden of disease from changes in effectiveness of water and sanitation infrastructureDiarrhoeal disease (temperature driven)Direct impacts of temperature on work abilityThe direct impacts of heat on mortalityMalnutritionHealth effects of economic damages from climate changeThe following impacts were also identified as important and may be added to the project:Impacts on outdoor air pollutionHealth co-benefits and harms from mitigation and adaptation policies

Links to non-communicable diseases, social determinants, and health equity {#S0004}
==========================================================================

Much attention has been given to the vector-borne and infectious disease risks related to climate change ([@CIT0004]). However, there will also be various impacts on non-communicable diseases (NCDs) ([@CIT0032]).

Recent publications ([@CIT0033], [@CIT0034]) have shown the increases, during heat-waves, in admission rates and emergency presentation rates for NCDs at health service institutions in Australia and the USA. Along with exacerbations of cardiovascular disease, the greatest relative heat-related increase of hospital admissions in these reports was for kidney diseases. This could signal the physiological link between high heat exposure, sweat function, dehydration, and kidney function ([@CIT0035]). A related issue is the apparent increase of kidney stone incidence in relation to a hotter climate ([@CIT0036]). Another relationship to NCDs is the higher risk of heat illness among overweight people ([@CIT0037]).

The clinical condition of patients with chronic diseases (e.g. hypertension, heart disease, diabetes, etc.) will often deteriorate if the patient is exposed to excessive heat levels ([@CIT0032]). This has been studied and known for several decades, and is easily overlooked in current research and reviews. For example, a vivid example of the negative impact of heat on cardiovascular disease patients comes from Texas in the 1950s ([@CIT0038]). One particular hospital had some wards with air conditioning and some without. Clinical progress of acute heart disease was much worse in patients in wards without air conditioning. In 2013, it is likely that air conditioning is standard infrastructure in all hospitals in high-income countries with very hot seasons, but in low-income countries, this is probably not true and excessive heat exposure at home or in those health service institutions is likely to have a negative impact on clinical status and progress in treatment ([@CIT0039]).

The direct effects of heat are of course 'non-communicable' (heat stroke depends on individual environmental exposure). The greatest health and well-being impacts of climate change in large parts of the highly populated hot world are likely to be due to heat stress and heat exhaustion, which are often ignored by the health sector, as the victims seldom approach health services for help. High heat exposure also increases injury risk ([@CIT0040]), which is not classified as NCD, but the underlying mechanism is fundamentally related to the heat effects on non-communicable health variables.

This leads into the issue of social determinants of health and well-being, and the differential impacts that climate change may have. The additional risks for poor people in low-and middle-income countries include most items in [Fig. 2](#F0002){ref-type="fig"}.

Human capacity and resource constraints {#S0005}
=======================================

Strengthening resilience to climate change {#S20006}
------------------------------------------

Many of the health impacts of climate change referred to above are a particular threat to poor people in low- and middle-income countries. An important method to reduce impacts of climate change is to improve general public health status of populations at risk ([@CIT0004]). Since climate change acts primarily as an amplifier of existing health risks, the lower the background rate of any health disorder or disease, the less the absolute change due to climate change is likely to be. This strategy improves resilience to climate change impacts, but it cannot fully protect against the undermining of human living and working conditions that excessive heat stress, droughts, floods, storms, sea-level rise, etc. will bring. It should be pointed out that the climate change impacts on communities also interact with several other global concerns, such as population growth rates, availability of education and primary health services, and other infrastructure, as well as corruption that undermines efficient reductions in inequalities ([@CIT0005]). Strategies to reduce impacts of climate change need a multi-dimensional approach. The economic costs and benefits of these preventive strategies are also key issues linked to the possibilities to make them effective and durable. Valid detailed estimates are still not easily available.

Another way to strengthen resilience is to reduce the urban heat-island effect by using known urban design methods to lessen the local heat load. This also includes considerations of architectural design that reduce need for air conditioning of indoor spaces. Air conditioning in dense urban areas is also a factor increasing the local heat levels, as the heat from indoors is transferred outdoors. In Taiwan, it was shown that the air conditioning can add 0.7°C to the outdoor heat load ([@CIT0041]).

Potential for human adaptation to new climate conditions {#S0007}
========================================================

Adaptation is the term applied to preventive strategies that reduce the immediate effects of direct or indirect exposures to the changing climate variables. By forecasting health problems that may occur, such as the health and well-being impacts of tropical storm Sandy in the USA recently, government agencies and communities can prepare for the worst and, if needed, evacuate from the most affected geographic areas. Long-term planning with adaptation impacts includes the analysis of future coastal flooding risks and banning of new buildings in risk areas. In areas where vector-borne diseases, such as malaria and dengue fever, will spread due to changing climate conditions, application of known malaria control methods can be an important adaptation ([@CIT0027]). Providing air conditioning in old-age homes was a broadly applied adaptation in France to the severe mortality impacts of the extreme heat wave in 2003 ([@CIT0042]). However, such strategies contribute to electricity use, and this contributes to greenhouse gas emissions.

Resource implications for adaptation {#S0008}
====================================

Effective improvement of climate resilience and adaptation to on-going and future climate change will require expertise at national and local level, a resource issue. Scientific/professional analysis should include the full life-cycle impact of urban development, transport, food production and distribution systems, and housing and workplace design. The up-front and continuing cost of air conditioning and other adaptation methods will create another resource limitation issue. Currently, power cuts (blackouts and brownouts) are common in some developing economies, and adaptation methods requiring electricity may not be reliable.

An issue for the health sector is of course the costs for treatment of people who become ill due to climate change. The health sector also needs to develop knowledge and skills in local prevention/adaptation programmes, in order to reduce the cost of treatments.

Action strategies that work {#S0009}
===========================

Limits of adaptation {#S20010}
--------------------

It is sometimes assumed that human populations can adapt to whatever climatic changes will occur during this century and beyond. Historically, when the climate has changed over the last thousands of years, affected populations have sometimes been able to migrate to other regions and re-establish their communities. Mostly, however, this has not been so since the advent of settled agrarian communities and villages ([@CIT0043]). However, with current high population densities, particularly in hot tropical areas, the possibilities for large populations to migrate to new living space has become very difficult, and is not a convenient adaptation solution.

The possibilities for adaptation are also influenced by the duration of time that climate condition persists. Excessive heat, rainfall, or wind exposures may be a short-term feature of each day or it may continue during the whole day. The global analysis by Sherwood and Huber ([@CIT0044]) and more detailed analysis for Perth, Australia, ([@CIT0045]) indicated that some parts of the planet will get to these heat limits during this century. The growing threat for natural disasters ([@CIT0008]) is another challenge for adaptation.

Air conditioning is often thought of as the solution to the indoor heat problems, but it requires electrical power, which in many locations is produced by fossil fuel energy contributing to greenhouse gas emissions. New approaches using renewable energy for air conditioning will be essential as a way to ensure more sustainable cooling methods. Living in an air-conditioned environment also reduces heat acclimatization and increases health risks during power cuts.

Mitigation of climate change: a crucial approach to health protection {#S0011}
=====================================================================

The human species primarily settled where the ecosystem was safe and, with appropriate cultural adaptation, healthy for humans. Such a habitat provides resources for food production and drinking water access, and has other features essential for human survival. The exact threshold for a 'liveable climate' for human society has not yet been analysed, but the papers by Sherwood and Huber ([@CIT0044]) and Mahoney and Forbes ([@CIT0045]) allude to this major problem. If climate change in tropical areas threatens to make the climate so hot or dry or wet during long periods of the year that people really cannot live and carry out daily activities in particular locations, then the only way to protect health and well-being is via climate change mitigation.

This would involve urgent shifts in energy production from fossil fuels to renewable energy sources, energy conservation in building design and urban planning, and reduced waste of energy for transport, building cooling, and agriculture. It would also involve shifts in agricultural production and food systems to reduce energy and water use, particularly in meat production. A key issue is the reduction of greenhouse gas emissions, especially long-acting carbon dioxide (CO~2~), and increased uptake of CO~2~ at the earth\'s surface. Mitigation strategies are impeded by the short-term perspective of many political debates and decision-making processes, and by the profitability criteria that drive large-scale corporate investment in dominant sectors of our economies. Meanwhile, the threats remain and are growing.

In order to achieve greater support for the type of strategies needed for mitigation it is essential to promote the importance of creating a better future for our children, grandchildren, and the subsequent generations. The concerns about climate change impacts are ignored by some as 'issues of the future' while we can actually see the future as the present via the eyes of our young people. Children born since 2000 will mostly still be alive in 2070, or even in 2080 or 2100, as life expectancy continues to increase. If we consider 'child health and well-being' an important concern, a life-time perspective on these lives brings climate change into the picture in a new way. Preventive strategies have to be developed and implemented in the next decade. However, most decision-makers of today will not be alive when climate change impacts become very prominent.

Strategies for mitigation can have combined adaptation impacts, which may make them easier to choose and implement. Building design that reduces energy demand yet maintains a healthy indoor environment and reduces exposures to temperature extremes, is such an approach. Indeed, architectural and urban design methods that minimise energy consumption via thermal insulation, solar heat management, and shade provision are available. This is of particular importance to the elderly and other vulnerable citizens, as well as for workplaces where both health and productivity are affected by heat extremes ([@CIT0020]). Climate change may reduce heating needs in global areas with a very cold winter climate, but the proportion of the global population living in such areas is relatively small. Most people live and work in the hot tropical and sub-tropical areas, and there climate change will increase energy demand for cooling.

Health co-benefits of climate change mitigation {#S0012}
===============================================

Many mitigation strategies have important health co-benefits of a mostly localized kind, which can reduce the political reluctance to take action ([@CIT0046]). Improved quality household energy sources and more efficient use of such energy will reduce local and indoor air pollution and protect population health ([@CIT0047]). A shift to cook stoves that produce less indoor air pollution is a priority for the protection of health in poor communities ([@CIT0047]).

Shifting transport from private motor vehicles towards public transport and 'active transport' for short daily trips (walking and cycling) will create increased daily physical activity in otherwise sedentary groups, and this has a number of population health benefits ([@CIT0048]). Energy efficient public transport is an important approach to reduce urban air pollution and its impacts on heart and lung diseases ([@CIT0048]). The development of renewable energy sources can also promote health by reducing the very high occupational injury and disease risk among coal miners and other fossil energy workers, while new jobs in other energy production create health benefits ([@CIT0049], [@CIT0050]). Another example is the reduction of weekly consumption of meat and saturated fats from animals, particularly red fatty meat, which will reduce health risks associated with such a diet ([@CIT0024], [@CIT0051]). This includes certain cancers, obesity, and heart diseases. To the extent that climate change mitigation reduces on-going biodiversity loss, a health co-benefit will also be the protection of natural species that will be of importance for our understanding of disease prevention and treatment.

Economic costs of impacts on human health and well-being and benefits from prevention {#S0013}
=====================================================================================

The economic costs and benefits of these preventive strategies are also a key issue concerning the possibility make them effective and durable. Valid detailed estimates are still not easily available, but the estimates in the recent Climate Vulnerability Monitor 2012 ([@CIT0006]) give an approximate indication of the implications ([Table 1](#T0001){ref-type="table"}).

###### 

Economic impacts of climate change

                                                   Total global net cost, (% of total climate cost)   Net cost in 2030 by specific country type                               
  ------------------------------------------------ -------------------------------------------------- ------------------------------------------- ------------- ------------- ---------------
  Total climate change                             609 (100)                                          4,345 (100)                                 1,730 (100)   2,292 (100)   179 (100)
  Labour productivity loss due to workplace heat   311 (51)                                           2,436 (56)                                  1,035 (60)    1,364 (60)    48 (27)
  Clinical health impacts                          23 (3.7)                                           106 (2.4)                                   84 (4.9)      21 (0.9)      0.002 (0.001)

Source: DARA 2012 ([@CIT0006]).

Currency=millions of USD PPP; GHG=greenhouse gases.

The estimated clinical health impacts produce substantial economic costs: US\$23 billion in 2010 and US\$106 billion in 2030. The worst impacts in relation to the local economy are in developing countries with low greenhouse gas emissions. The high-emitting countries have much lower percentages of the costs in the form of health effects, and developed countries even less so.

Interestingly, the table indicates that more than 50% of the economic costs at global level and in developing countries would arise from labour productivity loss due to workplace heat. These are the first calculations of this type to have been published. They entail a range of assumptions and need assessment and confirmation by further research and analysis.

Another recent analysis ([@CIT0052]) highlights the links between population-based incomes and climatic conditions. When it gets hotter in hot countries, the economic output goes down.

Conclusions {#S0014}
===========

There is a great variety of potential health impacts of climate change in different settings around the world. At any one time, the prevailing climate conditions and the background population health status are of great importance in influencing the risk to health. It is most likely that countries in the hot tropical and sub-tropical countries will be greatly affected, and a low general level of population health increases local vulnerability to the health effects of climate conditions and climate change.

The expected climate change will create both communicable and non-communicable health challenges depending on the underlying health determinants panorama. Resources for analysing the challenges and finding solutions will be limited in low- and middle-income countries for many years to come.

There are prevention strategies based on adaptation that will work but the cost may be significant. A number of actions for climate change mitigation have important health co-benefits, meaning that reduced greenhouse gas emissions are achieved with actions that promote and facilitate improved population health. For the most fundamental health threats, only climate change mitigation will achieve the necessary protection of good population health for current and future generations.
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